Introduction
Mercury is a natural element that is found in air, water and soil. It plays an important role in many industrial and agricultural applications, and it cycles in the environment as a result of natural and anthropogenic activities. Mercury is also known to be a toxic element that may cause serious health problems when inhaled as vapor or passed through the skin and into the blood stream. Mercury can exist in three oxidation states: Hg 0 (metallic), Hg2 2+ (mercurous) and Hg 2+ (mercuric). The properties and behavior of mercury depend on the oxidation state. Most of the mercury in water, soil, sediments, or a biota (i.e., all environmental media, except for the atmosphere) is in the form of inorganic mercury salts and organic forms of mercury. Mercury and its compounds are considered to be pollutants of priority interest by the Environmental Protection Agency of the United States (USEPA). According to USEPA, a maximum contamination level goal (MCLG) and maximum contaminant level (MCL) are both 2 μg L -1 for drinking water. 1 The European Union established a maximum admissible concentration of mercury in drinking water of 2 μg L -1 . Typical concentrations of dissolved mercury in unpolluted waters are less than 2.8 μg L -1 . 2 Various analytical techniques have been used for the determination of mercury at low concentrations in various samples, including potentiometry, 3 graphite furnace atomic absorption spectrometry, 4 cold vapor atomic absorption spectrometry, 5 cold vapor atomic fluorescence spectrometry, 6 inductively coupled plasma atomic emission spectrometry, 7 X-ray fluorescence spectrometry, 8 voltammetry 9 and fluorometry. 10 In addition to the above-mentioned methods, several spectrophotometric methods have also been reported for the trace determination of mercury using various reagents, such as 3-amino-1,2,4-triazole azodye derivatives. 11 Among the determination methods, cold vapor techniques coupled with atomic absorption spectrometry (CVAAS) or atomic fluorescence spectrometry (CVAFS) have received great attention for the determination of mercury because of their simplicity, high sensitivity and relative freedom from interferences. Both CVAAS and CVAFS have fewer spectral-chemical interferences, low detection limits, moreover, CVAFS has a wide linear dynamic range. [12] [13] [14] However, the fluorescence technique is generally considered to be more sensitive, and has better linearity compared to the absorption methods. 15 The determination of mercury at trace levels, ng L -1 or lower, usually requires a preliminary preconcentration step in order to achieve quantifiable levels. Moreover, the preconcentration step also separates the analyte from most of the matrix materials, and thus eliminates possible interferences, and lower detection limits are achieved. 16 Several techniques have been used for the preconcentration of mercury, such as solvent extraction 17 and solid-phase extraction by polymeric sorbents, 18, 19 wool, 20 activated carbon, 21 chitosan, 22 chelating resins, 23 clay, 24 and other materials. 25, 26 Particularly, polymeric sorbents have recently attracted more attention because of their larger sorption capacities, higher efficiencies and ease of preparation. However, these sorbents suffer from a lack of selectivity for Hg(II), and therefore modification of the sorbent surface with thiol 27, 28 or
The applicability of poly(acrylamide) grafted onto cross-linked poly(4-vinyl pyridine) (P4-VP-g-PAm) has been investigated for the separation, preconcentration and speciation of Hg(II) and MeHg(I). In batch experiments, Hg(II) was quantitatively retained (≥95%) in the pH range of 1.0 -8.0, whereas the sorption of MeHg(I) was insignificant in the pH range of 1.0 -2.0. Freundlich and Langmuir isotherm models were investigated in order to characterize the sorption, and the capacity of the sorbent was found to be 817 mg Hg(II) g In a recent study by Yavuz et al., 31 poly(acrylamide) grafted onto cross-linked poly(4-vinyl pyridine) (P4-VP-g-PAm) was synthesized and used for only the purpose of mercury removal from water samples at mg L -1 concentration levels. In the proposed work, for the first time the proposed sorbent was used for the selective preconcentration of Hg(II) prior to cold-vapor atomic-fluorescence measurements, and separate determinations of Hg(II) and MeHg(I) at trace level were performed at a ng L -1 level. In addition, sorption isotherms were studied, and the affinity of the sorbent to several metal ions, such as Pb(II), Zn(II), Cu(II), Cd(II) and Fe(III), was investigated. The developed method was also applied to the determination of Hg(II) and MeHg(I) in seawater and estuarine water.
Experimental

Apparatus and instrumental parameters
A PSA 10.004 Merlin Plus atomic fluorescence spectrometer (Kent, UK) was used for the determination of mercury. The scheme of the fluorescence measurement system and the measurement conditions can be found in a previous article. 20 All measurements were carried out using high-purity argon gas as a carrier and drying gas. The peak height was used for quantitation. The pH measurements were performed by using a WTW MultiLine P4 pH meter (Weilheim, Germany). A Nüve water bath shaker equipped with a thermostate (Turkey) was used to provide efficient shaking. A GBC 904 PBT atomic absorption spectrometer (Victoria, Australia) with an air-acetylene flame respective, hollow cathode lamps (Pb, Zn, Cu, Cd and Fe) and deuterium background correction was used for the determination of diverse metal ions.
Reagents
All reagents and chemicals were of analytical grade. Ultra-pure water (18.2 MΩ) was used throughout the study. Glassware and plasticware were cleaned by soaking in 10% (v/v) HNO3 and rinsed with ultra-pure water prior to use. A 1000 mg L -1 Hg(II) stock solution was prepared by dissolving 0.100 g of elemental mercury in 7.0 mL of concentrated (14.3 M) HNO3 and diluted to 100.0 mL with ultra-pure water. Similarly, 1000 mg L -1 Hg containing a stock solution of MeHg(I) was prepared by dissolving MeHgCl (Sigma Aldrich) in 5.0 mL ethanol and diluting with distilled water. Standards with lower concentrations were prepared daily in 0.01 M HCl from their stock standard solutions. Stock solutions of diverse elements were prepared from analytical reagent-quality compounds. As the reducing agent, SnCl2, (3% w/v) was prepared daily in HCl (15% v/v). A bromide/bromate solution containing 2.0% (w/v) KBr and 0.56% (w/v) KBrO3 was prepared in water and used to oxidize MeHg(I) to Hg(II).
Hg(II) and MeHg(I) determinations
The carrier and reductant (SnCl2) solutions were passed at a 3 mL min -1 rate into the reduction coil to mix with the sample solution flowing at a rate of 7 mL min -1 . Here, Hg(II) was reduced to the elemental state, separated from the solution in a gas-liquid separator, and swept into an atomic fluorescence detector with argon gas. The peak height of the fluorescence signal was monitored. Since organic mercury cannot be analyzed directly, it was oxidized by the batch method in a pre-oxidation vessel using a bromide/bromate solution prior to CVAFS. Hg(II) ions formed were determined by CVAFS using the optimized conditions: 1.0 mL of a solution containing 2.0% (w/v) KBr and 0.56% (w/v) KBrO3; than, 1.0 mL of 1.2 M HCl was added into 50.0 mL of 20.0 μg L -1 MeHg(I) solutions and complete oxidation occurred in 5 min. Then, the solution was used either for a direct Hg(II) determination or for a preconcentration study.
Sorption/elution studies
An accurately weighed amount of P4-VP-g-PAm (50.0 mg) was added into 10.0 mL of solutions in a 100-mL Pyrex beaker or polyethylene (PE) bottles containing the specified concentrations of mercury, and the mixtures were shaken in a thermostated water bath at 25.0 C for a fixed period. At the end of the shaking period, the solid and solution phases were separated by filtration using Whatman black ribbon filter paper, and an analysis of the filtrate for mercury was performed by CVAFS. This methodology was followed to identify the pH effect, optimize the shaking time, and understand the effect of any competitive ion on the mercury adsorption efficiency. For speciation and preconcentration studies, after the sorption process was performed, the beads were separated from the aqueous solutions, and the recovery of mercury was performed by treating these beads with 2 mL of concentrated HNO3 (14.3 M) for 20.0 min at room temperature. These solutions were filtered through glass wool, and the resulting solution was evaporated to near dryness. The residue was dissolved in water and the mercury content was determined by CVAFS.
Sorption and isotherms models
The percentage of mercury sorption, sorption capacity, distribution and selectivity coefficients of the sorption process were calculated using Eqs. (1) - (4), respectively, where Ci (mg L -1 ) is the initial, Ce (mg L -1 ) the equilibrium concentration in the solution, V (L) the solution volume and W (g) the amount of the sorbent. Moreover, Q (mg g -1 ) represents the sorption capacity and Kd the distribution coefficient. In addition to these, the selectivity coefficient (k) for the binding of a specific metal ion in the presence of competitor species was obtained where X m+ represents Cu(II), Pb(II), Zn(II), Cd(II) and Fe(III) ions from the equilibrium binding data according to Eq. (4).
In addition to the above-calculated data, the equilibrium conditions of the sorption process can be described using several sorption isotherms. Among these theoretical and empirical sorption models, the Langmuir and Freundlich isotherm models were applied utilizing the linearized equations indicated below:
ln Cs = ln Kf + nfln Ce.
Here,
) and L (L mg -1 ) are the Langmuir constants, Qm is the amount of mercury ion sorption corresponding to monolayer coverage, L the affinity of mercury for the sorbent, Ce (mg L -1 ) is the amount of mercury in the liquid phase at equilibrium and Cs (mg g -1 ) the amount of mercury adsorbed on the surface of the sorbent at equilibrium. Moreover, Kf (mg g -1 ) and nf are the Freundlich constants. 32, 33 
Results and Discussion
The calibration graph without any preconcentration step was obtained in the range of 2.0 -8.0 μg L -1 Hg(II) with a correlation coefficient (R 2 ) of 0.9977 and the formula, y = 39.2x -9.8. Under the experimental conditions used, the limit of detection (3δ above blank) for Hg(II) was 35.0 ng L -1 . The relative standard deviation for the determination of 4.0 μg L -1 Hg(II) was found to be 1.68% (n = 6). A much lower concentration of mercury can be detected when needed by extra purification of the reagents used in order to reduce the reagents blank.
The calibration graph after the preconcentration step was plotted as follows. A blank solution and the calibration standards (10.0 -40.0 ng L -1 ) were prepared using the same sorption/elution procedure as described above. These standards, prepared after the sorption/elution process, can therefore be considered to be "matrix-matched standards". A linear calibration graph was obtained with a formula of y = 44.8x and a correlation coefficient of 0.9798. The limit of detection (3δ above blank) for Hg(II) was 2 ng L -1 and the relative standard deviation for the determination of 40 ng L -1 Hg(II) was found to be 6.2% (n = 6).
Effect of the pH
It is known that the pH is one of the most important factors that affect the sorption process. The influences of the pH of the sample solution on the sorption of Hg(II) and MeHg(I) ions were investigated separately by adjusting the pH of the solutions with various concentrations (0.01, 0.1, and 1.0 M) of HCl and NaOH solutions. For this purpose, separate standard solutions of 50.0 μg L -1 Hg(II) and 100.0 μg L -1 MeHg(I) were prepared within the pH range between 1.0 and 8.0; than, 50.0 mg of P4-VP-g-PAm was added into 25.0 mL of these solutions. The mixtures were shaken for 3 h, and at the end of the shaking period the solid and solution phases were separated by filtration. The concentrations of mercury in the supernatant solutions were determined by CVAFS. The results for this study are depicted in Fig. 1 . As can be seen from the results, Hg(II) was quantitatively (≥95%) adsorbed within the pH range of 1.0 -8.0. The sorption of methyl mercury was generally below 1% in the pH range of 1.0 -2.0 and 20 -50% in the pH range of 3.0 -8.0. As can be seen from the results, the speciation capability of the proposed sorbent is mostly pronounced at pH 2.0; with greater than 95% sorption, corresponding to the Hg(II) species compared to less than 1% for MeHg(I). Consequently, a solution pH of 2.0 can be used for the speciation of Hg(II) and MeHg(I), whereas the determination of total mercury can be performed by treating the samples with a KBr and KBrO3 mixture to convert all of the mercury species to Hg(II) before the analysis.
Effect of the shaking time
In order to determine the optimum contact time for the sorption of Hg(II) using the proposed methodology, 100.0 mg of P4-VP-g-PAm was added on to 20.0 mL of a 20.0 μg L -1 Hg(II) solution, and the equilibrium concentrations were measured at various shaking times at 25.0 C. The equilibrium concentrations of Hg(II) (Cs, μg g -1 ) measured and the sorption efficiencies are plotted versus time in Fig. 2 . As can be seen from the figure, when the contact time increased, the percent of sorption also increased. The optimum contact time to reach the maximum sorption of Hg(II) onto P4-VP-g-PAm was found to be 200.0 min. The same experiments were also repeated with a large sample volume. For this purpose, 40.0 mg P4-VP-g-PAm was added to 500.0 mL of 100.0 μg L -1 Hg(II) to test the effect of the sample volume on the shaking time (Fig. 2) ; a shaking time of 270.0 min was selected for 500.0 mL of the sample volume to be on the safe side.
Selectivity and tolerance study
At the chosen pH 2.0, the percent of sorption, distribution coefficients (Kd) and selectivity coefficients (k) of Hg(II) and diverse ions, namely Pb(II), Zn(II), Cu(II), Cd(II) and Fe(III), were calculated using Eqs. (1), (3) and (4) . Kd, and k were not estimated for the Cu(II), Cd(II) and Fe(III) ions, since these were not adsorbed by P4-VP-g-PAm. As can be seen in Table 1 , the distribution coefficient of the P4-VP-g-PAm sorbent for Hg(II) is 6250, which is several-hundred times higher than that for the commonly existing metal ions. This result indicates that the P4-VP-g-PAm sorbent has excellent selectivity for Hg(II), In addition to selectivity studies, a tolerance study was performed for Pb(II) and Zn(II), since the proposed sorbent indicates the affinity only to these ions. For this purpose, solutions of Pb(II) and Zn(II) from 0.30 to 250.0 mg L -1 were prepared while keeping the Hg(II) concentration constant at 40.0 μg L -1 . As can be seen in Table 2 , Hg(II) was still quantitatively (97%) adsorbed by the sorbent, while the Pb/Hg and Zn/Hg ratios (w/w) were 125 and 625, respectively.
Isotherms and sorption capacity
The sorption capacity of P4-VP-g-PAm for Hg(II) was determined by a batch method. Sorbent beads (100.0 mg) were added to 10.0 mL of Hg(II) solutions, varying from 2000 -14000 mg L -1 (prepared from HgCl2 in water) and Hg(II) concentrations in the remaining solutions were measured by CVAFS. The experimental capacity of the sorption process was calculated using Eq. (2). As can be seen from , where the sorption capacity could be determined. In addition, a comparison of the Langmuir and Freundlich sorption models was made for the sorption of Hg(II) onto P4-VP-g-PAm using Eqs. (5) and (6). Linearized forms of the models were used for calculations of coefficients. The correlation coefficient for the Freundlich isotherm was only 0.6766, and the Langmuir isotherm appeared to be linear within the range of 0 -14000 mg L -1 Hg(II) with a high correlation coefficient of 0.9988; also this certified that the Langmuir isotherm excellently describes the monolayer adsorption process. A high total sorption capacity value was obtained from the Langmuir equation (817 mg g -1 ), which is in accordance with the experimental value obtained from Eq. (2).
Desorption and repeated use
After collection of Hg(II) by the proposed sorbent, its release was investigated using the batch method. Various factors are probably involved in determining the rates of Hg(II) desorption, such as the extent of hydration of the metal ions and the polymer microstructure. However, an important factor appears to be the binding strength of Hg(II). For this purpose, various reagents were used for the desorption of Hg(II) form the sorbent. As it can be seen from Table 3 31 it was stated that CH3COOH at 80 C was able to elute the sorbed Hg(II) quantitatively. However, this eluent was found to be applicable for only mg L -1 concentration levels, whereas desorption using CH3COOH at 80 C at μg L -1 level was found to be only 62%.
Therefore, a second strategy was followed to recover Hg(II) from the resin. It was aimed to hydrolyze the amide groups in the P4-VP-g-PAm using concentrated HNO3 (14.3 M). As a result, it was observed that it was able to recover quantitatively (100%) Hg(II) from the proposed sorbent. Strecker 34 has reported that the mercury-amide linkage is covalent, and therefore possibly a covalent bond formation, as reported in earlier work, 31 occurs. This explains the need to hydrolyze the amide groups for recovery.
In addition, repeated use of the sorbent was also tried, and the experimental results showed that the sorption of Hg(II) onto P4-VP-g-PAm was insignificant when the sorption experiment was repeated with the sorbent beads previously treated with concentrated HNO3 (14.3 M). Therefore, the sorbent was suitable for a single use only, and P4-VP-g-PAm beads were suitable for a batch study preconcentration and speciation of Hg(II). Although, this situation restricts the use of the sorbent more than once, since a very small amount of the sorbent is used, the related cost is not significant.
Applications
The proposed methodology was checked via spike recovery experiments with seawater and estuarine water. The seawater sample was taken from Çes me, which is 75 km away from İzmir, whereas an estuarine-water sample was taken from İzmir Bay (City Center). The salinity of the seawater and the estuarine water were 3.85 and 3.80%, respectively. The water samples were first filtered through Whatman black ribbon filter paper, and the sample solutions were made to contain 0.01 M HCl by adding a suitable amount of concentrated HCl (11.6 M). Hg(II) or MeHg(I) spiked samples were subjected to the same sorption/elution cycle as previously described, and MeHg(I) spiked samples were subjected to an oxidizing step, as explained in the previous sections. The sorbed mercury species on P4-VP-g-PAm beads was recovered with concentrated HNO3, and finally determined by CVAFS. Blank samples were also prepared and analyzed by CVAFS in the same manner. Since seawater was found to contain no detectable mercury, and estaurine water was found to contain 0.91 μg L -1 mercury in direct determinations, different concentration levels were spiked to seawater (0.025, 10.0 μg L -1 ) and estaurine-water (1.0 μg L -1 ) samples.
As can be seen from Table 4 , the proposed methodology works efficiently for both of the water types. These results demonstrated the applicability of the method to a water sample, even with a high salt matrix, such as seawater. This property of the method eliminates the step of matrix removal, which may have crucial importance in the analysis of samples with high salt content.
The preconcentration efficiency of the sorbent with the proposed method was also investigated for seawater. Sorption studies were performed for a preconcentration factor of 20; using the same sorption/elution procedure, the eluates were obtained and analyzed for their mercury content by CVAFS. As can be seen from the result given in Table 4 , the obtained recoveries were 93 -96%, when methyl mercury was oxidized with KBr + KBrO3, which demonstrated the capability of the proposed methodology in preconcentration studies.
Conclusion
It has been demonstrated that P4-VP-g-PAm could effectively be used for a highly selective preconcentration of Hg(II) at ng mL -1 levels and for the speciations of Hg(II) and MeHg(I) in seawater and estuarine water. The proposed batch method is simple and suitable for routine preconcentration and speciation analysis of Hg(II) and MeHg(I) in water samples. In addition, since the sorbent sorbs only Hg(II) in the pH range of 1.0 -2.0, MeHg(I) can be determined in the solution after Hg(II) removal, even in the presence of high concentration of Hg(II). Moreover, Hg(II) can be removed from samples containing MeHg(I), and can be determined separately. Additionally, the high uptake capacity (817 mg Hg(II) g -1 sorbent) of the sorbent allows the quantitative retention of Hg(II) in water samples, which is very important in Hg-polluted matrices. 
